Highlights d Reproductive success was higher when grandmothers were alive d Within-family analyses accounted for familial genetic and environmental effects d Grandmother effects decreased with grandmother-daughter geographic distance d Effect of the spatiotemporal distributions of families on lifehistory traits
SUMMARY
Life-history theory predicts that selection could favor the decoupling of somatic and reproductive senescence if post-reproductive lifespan (PRLS) provides additional indirect fitness benefits [1, 2] . The grandmother hypothesis proposes that prolonged PRLS evolved because post-reproductive grandmothers gain inclusive fitness benefits by helping their daughters and grandchildren [3, 4] . Because most historical human data do not report direct evidence of help, we hypothesized that geographic distance between individuals may be inversely related to their capacity to help. Using an exceptionally detailed dataset of pre-industrial French settlers in the St. Lawrence Valley during the 17 th and 18 th centuries, we assessed the potential for grandmothers to improve their inclusive fitness by helping their descendants, and we evaluated how this effect varied with geographic distance, ranging between 0 and 325 km, while accounting for potential familial genetic and environmental effects [5] [6] [7] [8] [9] . Grandmothers (F0) who were alive allowed their daughters (F1) to increase their number of offspring (F2) born by 2.1 and to increase their number of offspring surviving to 15 years of age by 1.1 compared to when grandmothers were dead. However, the age at first reproduction was not influenced by the life status (alive or dead) of grandmothers. As geographic distance increased, the number of offspring born and lifetime reproductive success decreased, while the age at first reproduction increased, despite the grandmother being alive in these analyses. Our study suggests that geographic proximity has the potential to modulate inclusive fitness, supporting the grandmother hypothesis, and to contribute to our understanding of the evolution of PRLS.
RESULTS AND DISCUSSION
Several studies have reported phenotypic benefits of the presence of grandmothers on the fitness of their descendants [4, 10, 11] , but very few considered the geographic distance between individuals to characterize the grandmother ability to help, especially in historical population where transport was not as efficient.
Here, we analyzed multi-generational demographic records in a pre-industrial human population distributed over 149 parishes in the St. Lawrence Valley, Canada, extracted from the Registre de la Population du Qu ebec Ancien (RPQA) [12] , which includes information from 1608 to 1799 on the first French settlers who established and lived in the area. The dataset included 3,382 grandmothers (F0) who had 34,660 offspring from which 7,164 daughters married (F1) and produced 56,767 offspring (F2) (hereafter refer to as ''overall dataset''). These grandmothers first reproduced on average at 21.7 years of age (range, , stopped reproducing at 40.8 years , and had 10.2 offspring (1-23, F1). On average, grandmothers had 50.3 grandchildren (1-195, F2) and lived 69.5 years (45-99). Daughters first reproduced on average at 23.8 years of age , stopped reproducing at 37.2 years (14-50), had 7.9 offspring (1-21), and lived on average 58.7 years (14-100). Average life-history traits differ, partially, between F0 and F1, because only women living at least to 45 years of age contributed to the grandmother dataset. Longevity cutoff was set at age 45, representing the age at which 99% of the women stopped reproducing in the population [13] .
Grandmother Effects
Overall analyses of daughters revealed positive effects of the presence of the grandmother on the number of offspring born (1.14 offspring ± 0.12; p = 0.001; Figure 1A ) and lifetime reproductive success (0.57 offspring ± 0.09; p < 0.001; Figure 1B and Table S1 ). Daughters (F1) were younger at the age at first reproduction when their mother (F0) was alive compared to when she was dead (À0.42 years ± 0.10; p < 0.001; Figure 1C and Table S1 ). These analyses, however, did not consider the potential covariance between genetic and environmental factors and fitness. For instance, longevity, which is heritable in human populations (5-9; reviewed in [14] ; h 2 = 0.22 on our datasetalso see the STAR Methods), has been shown to correlate with the age at last reproduction, which in turn directly affects the number of offspring produced [8] . Also, spatial autocorrelation in survival, caused by family members sharing the same environmental quality, may contribute to indirect correlations for the number of offspring born [15] . Controlling for potential family effects when testing for the grandmother hypothesis is thus crucial to avoid positive correlations between inter-generational numbers of offspring, independent from the potential for help. To do so, we performed ''within-family'' analyses in which sisters (F1) began to reproduce when their mother (F0) was alive while other sisters reproduced when their mother was already dead. The within-family dataset was filtered from the overall dataset, not considering family clustering, by selecting families with at least one sister in each of the categories of the F0's life status (alive or dead), representing 404 F0 and 1,272 F1. We also accounted for the urbanity of sisters' birth parish and the location relative to the St. Lawrence River [16] , the age of F0, birth order [17] , and the potential positive effects of being on a wave front on reproductive success [7] . We also included in the models the length of F1's reproductive life to take into account simultaneously the potential effect of age at first reproduction and age at last reproduction on reproductive success ( [8] ; see STAR Methods) while limiting collinearity problems (see STAR Methods).
Within-family analyses revealed that (grand)mothers who were alive at daughter's first reproduction made a larger difference on the total number of offspring born (2.08 offspring ± 0.24; p < 0.001; Figure 1A and Table S1) than on the lifetime reproductive success given by the number of offspring reaching 15 years of age (1.14 offspring ± 0.13; p < 0.001; Figure 1B and Table S1 ) compared to (grand)mothers who were dead. A potential explanation for this discrepancy in the grandmother effect is that the grandmother's protective effect on grandchildren survival decreased as they aged. Because mortality rates of offspring less than 1 year old can be very high in some years (e.g., 30%, 17), grandmothers may play a greater role at this critical earlylife stage [16] [17] [18] [19] compared to when the grandchildren approach puberty. The presence of grandmothers improved the survival of grandchildren to the age of 15 years (within family: À0.19 ± 0.05; p < 0.001; hazard ratio [HR] = 0.83, 95% confidence interval [CI] = 0.75-0.92; overall: À0.06 ± 0.02; p < 0.001; HR = 0.94, 95% CI = 0.75-0.92; Figure 2 ) compared to when the grandmothers were dead. Furthermore, the lifespan of post-reproductive grandmothers was positively associated with the number of grandchildren born; grandmothers had 2.0 additional grandchildren per additional decade of lifespan (0.20 ± 0.04; p < 0.001; Figure S1 ). The positive effect of grandmothers on the number of offspring born could also be due to shortening their daughter's inter-genesic birth intervals [10] . However, the grandmother life status was not related to sisters' age at first reproduction (À0.08 ± 0.19; p = 0.63; Figure 1C and Table S1 ).
Geographic Distance as a Potential for Help
Consistent with the hypothesis that increasing geographic distance may reduce the potential for (grand)mothers helping their Tables S1 and S2 ). The life status of post-reproductive grandmothers was represented as alive or dead at their daughters' first reproduction, which also applied for the number of offspring and lifetime reproductive success. The 95% CIs are shown, and p values are represented as ***p < 0.001, **p < 0.01, *p < 0.05, and not significant (n.s.) > 0.05.
Figure 2. Grandchildren Survival Function
The life status of post-reproductive grandmothers as time-varying covariate with the levels alive or dead and the survival of grandchildren to the age of 15 years of age within family and overall. daughters, we found that the grandmother effects on their daughters' life-history traits decreased as distances increased in the within-family models (Figures 3 and S2 and Table 1 ). Sisters who lived 325 km away from grandmothers had 1.75 fewer offspring (À0.23 ± 0.08; p = 0.004; Figure 3A and Table 1 ; effect sizes ranged from 0.14 to 0.58 fewer offspring from 25 to 100 km), had 1.45 fewer offspring reaching 15 years of age (À0.19 ± 0.06; p = 0.001; Figure 3B and Table 1 ; effect sizes ranged from 0.12 to 0.48 fewer offspring reaching 15 years of age from 25 to 100 km), and were older at the age at first reproduction by 1.37 years (0.18 ± 0.05; p = 0.001; Figure 3C and Table 1 ; effect sizes ranged from 0.11 to 0.45 older at the age at first reproduction from 25 to 100 km) than sisters who lived closest to mothers. These results were similar in the overall analyses ( Figure 3 and Table 1 ), suggesting that geographic distance may constrain the ability of the (grand)mothers to help their daughters, resulting in a decrease in fitness benefits with distance. We tested for non-linear distance effects using generalized additive models, but linear models provided the best support for the data (see STAR Methods). Thus, the grandmother effects were monotonic with distance, without a threshold at which they changed. Some previously published studies did consider whether a grandmother was local (defined as living in the same village) or not [4, 11, 18, 19] and assessed the grandmother effects. These studies found that local maternal grandmothers increased their offspring's fecundity, reduced their offspring's age at first reproduction [11] , increased the probability that an additional grandchild would be born [18] , and increased grandchildren survival [11, 18, 19] compared to non-local or dead grandmothers. Classifying (grand)mother-daughter pair as local or not, however, does not provide a clear estimate of geographic distance between pairs, because some may move in a nearby village and benefit from help. In our study, over 80% of (grand)mother-daughter pairs who did not live in the same parish lived within 50 km of each other, a distance at which grandmothers can provide help on a regular basis. Thus, in preindustrial populations, large rather than small distances between families might have limited the ability of grandmothers to help.
Further Considerations
While the within-family analyses are a robust way to account for environmental and genetics effect, it also has limitation because families had to have, by definition, at least two adult daughters, one whose mother was dead and one whose mother was alive at the start of their reproduction in order to be included in the analyses. Thus, the mother is always alive for the older sibling and dead for the younger one. We partly accounted for this problem by including birth order in our models and by running all analyses on the overall dataset. Since the results for both datasets are qualitatively similar, our key finding-that grandmother effects are modulated by distance-is unlikely to be caused by our filtering of the data. The negative effect of geographic distances on grandmother effects could also be associated with an increased distance with other members of the family, who could have provided help. However, in our datasets, only major life-history events were available (baptism, marriage, death), preventing us from knowing with precision the age at dispersal for all family members, but it would be interesting to investigate the link between variation in dispersal patterns and life-history strategies. Altogether, our within-family results suggest that geographic distance can be a proxy of the potential for help given by relatives.
A recent study found no evidence for genetic grandmother effects on inclusive fitness in a historical population in Utah, reinforcing the puzzling question of why a long post-reproductive lifespan in women has evolved and still persists nowadays [9] . One explanation, provided by Moorad and Walling [9] , for the lack of genetic grandmother effects is that the vicissitudes and increased isolation occasioned by migration may have mitigated the positive influence of ancestral care. Our results supported this hypothesis, as inclusive fitness benefits decreased as grandmother-daughter pairs lived further apart. It has also been suggested that the grandmother effect could only be found in low-fertility populations [9] . However, we found evidence of fitness benefits even if the mean number of offspring born is 7.9 in this study, which is higher than other historical populations (e.g., Utah population, 7.0; Finland, 6.8 mean number of Tables 1 and S2 ). The 95% CIs are represented. Geographic distance is the distance between grandmothers' and their daughters' parishes of residence (see STAR Methods). Geographic distances are Z score transformed, but approximate distances in km are also shown. The points and SE bars represent the distribution of the raw data.
offspring by married women who gave birth to at least one child [9, 11] ).
While our study provides strong evidence for selection on longevity, it does not explain why females stop reproduction. The reproductive conflict hypothesis proposes that the inclusive fitness benefits of PRLS cannot fully explain the evolution of menopause, since the direct fitness benefits of continued reproduction are greater than the indirect fitness benefits of PRLS [20] . This hypothesis suggests that menopause was selected to minimize inter-generational reproductive competition and overlap between females living in the same social unit [20] . Femalebiased dispersal, relatedness asymmetries, and the consequential decrease in potential indirect fitness benefits would be advantageous for second-generation mothers to win the inter-generational reproductive conflict and for menopause to evolve [20] . The reproductive conflict hypothesis remains to be investigated on a broader dataset in our study population, as all grandmothers included in the current analyses terminated their reproductive life.
The question of why prolonged PLRS has evolved remains unanswered [9, 21, 22] . Evolutionary pathways to prolonged PRLS have yet to be supported [9] . Future research should apply quantitative genetic analyses to test evolutionary genetic hypotheses (see [8, 9] ) and assess the relative importance of PRLS hypotheses [21, 23] . The indirect fitness benefits accrued by grandmothers in our study support the proposition that the grandmother hypothesis can, in part, explain PRLS. For many populations, an expanding population size is associated with Fixed effects for the within-family and overall analyses. The response-variable lifetime reproductive success is the number of offspring surviving to 15 years of age. Distance represents the effects of geographic linear distance between the grandmother and her daughters on life-history traits. Wave front is the number of years since a range expansion and year of first reproduction. It was included as a control variable because it is known to affect fitness in our population [7] . Urban represents the urbanity of the parish where a daughter was born with levels urban and rural. Shore is the location of the parish where a daughter was born relative to the St. Lawrence River with levels north or south. Siblings is the number of siblings that each daughter had. Birth order is the birth order of daughters. Age of grandmothers represents the age of grandmothers at their daughter's first reproduction. See STAR Methods for covariate predictions.
an expansion in space [7, 24] , and as a consequence, selection on PRLS from grandmothering could have diminished with increasing population size. Spatiotemporal analyses have been applied to many other fields of study-e.g., epidemiology, demography, and ecology-and here, we highlight their importance for understanding the evolution of human life histories. In investigating geographic distances, we have empirically shown another mediating factor of grandmother help, adding another piece to the complex puzzle of PRLS.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
STAR+METHODS KEY RESOURCE TABLE CONTACT FOR REAGENT AND RESOURCE SHARING
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Patrick Bergeron (pbergero@ubishops.ca).
EXPERIMENTAL MODEL AND SUBJECT DETAILS
The RPQA database is a longitudinal family reconstitution based on the Roman Catholic parish registers of baptisms, marriages and burials [12] . The Programme de recherche en d emographie historique, Universit e de Montr eal, oversees the RPQA database. Nearly all individuals in the population spoke French, were Roman Catholic and exhibited a natural fertility regime [12] . Most individuals lived in rural parishes and resided on small farms [12] . Land property was under a seigneurial system, and farmers could transmit the land to their offspring [12] . There were two urban parishes, Qu ebec City (founded in 1608) and Montr eal (founded in 1642). The period covered by the RPQA data ends before the Quebec population underwent industrialization, modern birth control, healthcare improvements and liberal economics [12] . Therefore, the population studied was mostly homogeneous but we controlled for the urbanity of daughters' birth parish, the location of the daughter's birth parish relative to the St. Lawrence River [16] , the number of siblings each daughter had, the proportion of sisters each daughter had, birth order of daughters [17] , the number of years between first reproduction and the opening of a parish (hereafter referred to as wave front) [7] , and we accounted for the length of reproductive life in our models. Socio-economic indicators were recorded yearly for only 10% or less of men until 1795 as the vast majority of the inhabitants were farmers [12] . Since the 1608-1799 period predates the modern nominal census era, information on household configurations and specifically intergenerational co-residence help provided, such as childcare, food provisioning, inter-generational transfer of money and non-inheritable resource provisioning, are not available [12] .
METHOD DETAILS

Data-filtering criteria used in this study
Grandmothers were selected if they met the following criteria: survived to the age of 45 years old, were born prior to 1701, had a known birth date, death date and parish of death, and gave birth to all their known offspring in the St. Lawrence Valley. Daughters were selected if they met the following criteria: they were born in the St-Lawrence Valley prior to 1750, married, reproduced and died in the St-Lawrence Valley, had a known birth date, death date, parish of birth and parish of death, and all their offspring were born in the St-Lawrence Valley prior to 1771. Daughters were born in 82 parishes (25.3% of daughters were born in urban parishes) across the St. Lawrence Valley, and they gave birth to 56,767 offspring in 113 parishes (23.6% born in urban parishes). The data for the offspring of daughters was cut-off at 1770 because year of burial and/or marriage was known for over 88% of individuals born prior to 1771, whereas less than 50% of individuals born after 1770 had known year of burial and/or marriage, given that our dataset ends in 1799.
For the geographic distance models, daughters were selected only if the grandmother was alive at their daughter's first reproduction. The restricted dataset for the overall geographic distance analysis was composed of 3,096 grandmothers and 6,176 daughters. The data for within-family geographic distance models were filtered by selecting families with at least one sister living in the same parish as the grandmother and at least one sister living in a different parish than the grandmother (n = 740 grandmothers and 2,274 daughters). We tested for non-linear geographic distance effects, and linear models provided the best support for the data.
For each daughter, we calculated the number of offspring and lifetime reproductive success. When the date of birth and/or death of daughter's offspring were unknown (0.3% of birth records and 15.8% of death records; 55.5% of individuals with unknown records did not have marriage records), we identified whether they married to determine whether they survived to age 15. Age at first REAGENT For offspring with year of baptism but missing the month or day of baptism, date of baptism was assigned to the 15 th of the month when only the day of baptism was missing and June 15 th when both the month and day of baptism were missing. The age at first reproduction of daughters was calculated based on the subset of known and assigned baptism dates of their offspring. The vital status of grandmothers was a categorical variable with 2 levels: dead and alive. Two filtered datasets were used to determine whether each grandmother and daughter pair lived in the same parish. We identified whether: 1) the parish where a daughter's first offspring was baptized was the same as the parish where the grandmother was buried (filtered dataset 1); and 2) the parish where a daughters' first offspring was baptized was the same as the parish were the grandmother's last offspring was baptized (filtered dataset 2). The majority of grandmother-daughter pairs lived in the same parish (filtered dataset 1: 56.7%; filtered dataset 2: 57.7%), and the majority of grandmother-daughter pairs who lived apart were within 50 km of each other (filtered dataset 1: 84.0%; filtered dataset 2: 84.0%). When all the parishes where a woman's offspring were baptized were not all known, we selected from those that were known (e.g., the earliest baptism with known parish was selected as the parish where a daughter's first child was baptized). To further validate the robustness of our results, we compared the results from: 1) both filtered datasets, 2) within-family analyses to those from overall analyses, and 3) dead or alive life status of grandmothers to those of local (alive and living in the same parish as their daughters) or dead (see Table S3 ). We additionally tested models with complete cohorts of daughters, with full reproductive lifespan, 1) born prior to 1723 and whose last reproduction was prior to 1771 and 2) born prior to 1750 and whose last reproduction was prior to 1796, and these results provided the same biological conclusions. Results comparing daughters' last reproduction prior to 1771 to daughters' last reproduction prior to 1796 were similar as the results comparing the life-status of grandmothers as dead or alive to dead or local (for comparison purposes with previous studies that analyzed the life status of grandmothers as local versus dead, see Tables S1 and S3 ). Thus, we only report the results based on the first filtered dataset with daughter's last reproduction prior to 1771.
QUANTIFICATION AND STATISTICAL ANALYSIS
Infant mortality was higher in urban than rural parishes [26, 27] , and farms South of the St. Lawrence River were more productive than farms North of the St. Lawrence River [16] . Therefore, we expected that daughters born South of the St. Lawrence River or in rural parishes to have a greater number of offspring, a greater lifetime reproductive success and be younger at the age of first reproduction compared to daughters and sisters born North of the St. Lawrence River or in urban parishes. We expected that an increase in the number of siblings or in the proportion of sisters would decrease the fitness of daughters because of competition to monopolize resources [28, 29] , however elderly siblings can improve the survival of younger offspring [4, 10, 29] . We expected that an increase in the birth order of daughters would decrease the fitness of daughters [17] . The positive 'wave front effect' on family size was controlled for using the number of years since a range expansion [7] . For models with the age at first reproduction, the age of grandmothers was added as a covariate. In cases where grandmothers were dead at the age at first reproduction, the age of grandmothers was calculated as the age they would have been if they were alive [11] . We expected that the fitness of daughters would improve as the age of grandmothers increased [11] .
General linear mixed models were conducted to assess the influence of the grandmother on the number of offspring, lifetime reproductive success and age at first reproduction (Table S2 ). We also controlled for potential family effects for sisters who had experienced differences in their potential to receive help, for example, when the grandmother was alive to help some of her daughters but died before the onset of reproduction of her other daughters. Similarly, we selected families for which grandmothers lived in the same parish as some of her daughters but in a different parish than some of her other daughters for geographic distance models. Within-family analyses accounted for potential familial genetics and environmental effects on longevity and number of offspring by considering the potential for grandmother effects on sisters' fitness. Based on parent-offspring regression [30] , the number of offspring born (b ± SE: 0.09 ± 0.02; p < 0.001; h 2 = 0.18) and longevity (b ± SE: 0.11 ± 0.02; p < 0.001; h 2 = 0.22) were significant, suggesting that these traits are heritable. The regression slope can be interpreted as a direct measure of heritability, as twice the regression slope, h 2 = 2*b [30] . Birth year of daughters and the identity of the grandmothers were added as random intercepts in all models. For within-family models with the grandmother's status as a fixed effect, the grandmother's status was fitted as the random slope. For within-family models with the geographic distance between grandmothers and their daughters, the distance was fitted as the random slope. For comparison purposes with other studies [4, 10] , we found similar results of grandmother effects when comparing the number of offspring, lifetime reproductive success and age at first reproduction of sisters and overall when grandmothers were living in the same parish as their daughters compared to when grandmothers were dead (Table S3 ). However, sisters were older at the age at first reproduction when grandmothers were living in the same parish as their daughters compared to when grandmothers were dead (Table S3 ).
General linear mixed models were also conducted to assess whether geographic distance influenced the number of offspring, lifetime reproductive success and age at first reproduction, for grandmother-daughter pairs and within-family for sisters living in the same parish, 0 km, or in different parishes up to 325 km ( Figure S2 and Table S2 ). We removed 1 outlier (488 km) from the dataset, because it was the only geographic distance much further than 325 km. We used the sp package [31] with the Great Circle distance (WGS84 ellipsoid) method in R to calculate the distance in km between parishes, representing the minimum distance that individuals had to travel. The geographic distance, number of siblings, the proportion of sisters, the age of the grandmother, birth order and the number of years since a range expansion were z-score transformed in all the within-family and grandmother-daughter models. When the geographic distance was greater than 0 km, 80% of daughters dispersed from the grandmothers, and 20% of the grandmothers dispersed from their daughters, based on parishes of birth, marriage and first reproduction of daughters and the parishes of last reproduction and death of the grandmothers.
We performed analyses for the within-family and overall models, accounting for the birth order of the daughters, across the datasets for geographic distances up to 325 km and when the z-scores of the geographic distances were % 3.3 to remove potential outliers. The removal of outlier distances reduced the geographic range across 145 -165 km. We also tested for non-linear effects of geographic distance using generalized additive mixed effects models and piecewise mixed effects models but we found no evidence of non-linearity. We conducted generalized linear mixed models with a log link function and a binary distribution to assess whether there was a relationship between the likelihood of dispersing and the birth order of daughters and found no effect across all datasets.
For the life status and geographic distance models, we included an offset for the length of reproductive life, calculated as the number of years a daughter could have reproduced by accounting for dates of each marriage, dates of death of husbands, age at menopause and date at death. For example, for a daughter who married once, on January 1 st 1700, at the age of 20 year, who died on January 1 st 1758 (age 58 year) and whose husband died on January 1 st 1740 (age 40 year), the length of reproductive tenure was 20 year. Thus, for each model, the estimated response variable is an additive change in the length of reproductive life [32] . This approach takes into account important differences between an F1 who gave birth, for instance, to 2 children and whose reproductive life lasted 7 years and an F1 who gave birth to 2 children and whose reproductive life lasted 30 years [32] .
We performed a semi-parametric, Cox proportional hazard model to assess the influence of the life status of grandmothers on the survival of grandchildren to 15 years of age. The life status of grandmothers was a time-varying covariate. We controlled for the sex, birth order and birth cohort of the grandchildren, and the identity of the grandmothers was added as random intercepts. We performed a multiple regression to assess the influence of the lifespan of post-reproductive grandmothers on the total number of grandchildren, and we controlled for the birth cohort of the grandmothers ( Figure S1 ).
Model assumptions were tested and met. We tested for multicollinearity when necessary, and all values were below the threshold value of 5, suggesting no evidence of high inter-correlations between fixed effects [33] . All models were conducted in R [25] , with an alpha of 0.05. All models were conducted using stepwise backward selection. All results are presented as b ± SE.
